Abstract Conventional shape memory alloys cannot be employed for applications in the elevated temperature regime due to rapid functional degradation. Co-Ni-Ga has shown the potential to be used up to temperatures of about 400°C due to a fully reversible superelastic stress-strain response. However, available results only highlight the superelastic response for single cycle tests. So far, no data addressing cyclic loading and functional fatigue are available. In order to close this gap, the current study reports on the cyclic degradation behavior and tensioncompression asymmetry in [001]-oriented Co 49 Ni 21 Ga 30 single crystals at elevated temperatures. The cyclic stressstrain response of the material under displacement controlled superelastic loading conditions was found to be dictated by the number of active martensite variants and different resulting stabilization effects. Co-Ni-Ga shows a large superelastic temperature window of about 400°C under tension and compression, but a linear ClausiusClapeyron relationship could only be observed up to a temperature of 200°C. In the present experiments, the samples were subjected to 1000 cycles at different temperatures. Degradation mechanisms were characterized by neutron diffraction and transmission electron microscopy. The results in this study confirm the potential of these alloys for damping applications at elevated temperatures.
Introduction
Shape memory alloys (SMAs) have been studied intensely for decades owing to their complex nature of thermomechanical deformation governing their unique properties [1] [2] [3] . As a result of a reversible transformation between a high-temperature austenitic parent phase and a low-temperature martensitic product phase, conventional SMAs can accomplish maximum transformation strains of the order of 10 % [1] [2] [3] . Based on the transformation temperatures for the martensitic and the austenitic transformation (M s , M f , A s , A f ), different types of effects can be observed [1, 3] . The one-way shape memory effect, the two-way shape memory effect and superelasticity (SE) are the three basic mechanisms solely observed in shape memory materials [1, 3] .
Given the large specific work output of these materials, highly efficient solid-state actuators and damping devices with extremely low weight can be realized [1] [2] [3] . As they also work silently, a broad range of applications for SMAs can be envisaged. Still, SMAs are only used in niche applications such as stents or surgical devices in the biomedical sector [1, 3, 4] . Several drawbacks hinder the widespread use of SMAs. For example, Ni-Ti alloys suffer from high production costs. SMAs that contain only cheaper elements and can be processed by traditional metallurgical routes, e.g., the Fe-based alloys proposed in the last decades, mostly suffer from low transformation strains or microstructural instability under cyclic loading [1, 3, [5] [6] [7] . Thus, the functional and structural fatigue are, amongst others, key issues that need to be addressed in the development of novel SMAs [1] [2] [3] [4] .
Another roadblock that limits widespread application of SMAs is their low maximum operating temperature. Conventional SMAs such as Ni-Ti can only be employed in actuation applications up to temperatures of about 100°C [2] . For Ni-Ti, these limitations arise primarily from the low martensite start temperature. Numerous other alloys, e.g., Cu-based SMAs, suffer aging-induced changes in transformation temperatures imposed by martensite stabilization [8] [9] [10] [11] . Many devices working at elevated temperatures would benefit from solid-state actuators and dampers. Therefore, tremendous effort has been spent in the development of suitable alloys that feature elevated M s and at the same time withstand functional degradation [1, 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] .
High-temperature shape memory alloys (HT-SMAs) have been mainly developed for applications in aerospace, automotive, energy exploration, and conversion industries, where the operating temperatures are often well above 100°C [2] . Particularly HT-SMAs such as Ni-Ti-X (X = Pt, Pd, Au, Hf, Zr) and Zr-Cu-based alloys have been studied in detail lately [2, [17] [18] [19] [20] . However, either their poor workability or the extremely high cost of the constituent elements typically hinder widespread applications of these alloys.
For actuation at elevated temperatures the Ti-Ta system has been proposed as a promising alternative [15, 16] . The material can be cold worked to high degrees of deformation reducing manufacturing costs significantly. However, pseudoelasticity (PE) has not been demonstrated for Ti-Ta HT-SMAs. In addition, rapid functional degradation represents another issue hindering application so far [15, 16] . Ternary elements hamper degradation, but cannot fully stabilize the microstructure at elevated temperatures [16] . For a more comprehensive review on HT-SMAs the reader is referred to a recent paper by Ma et al. [2] .
Co-Ni-Ga is a potential HT-SMA as it shows high transformation strains in a large temperature window. The maximum temperature for PE has been reported to be about 400°C [21] . At the same time formability of the alloy can be adjusted by incorporation of the disordered secondary c-phase (A1) [2, [21] [22] [23] . Generally, Co-Ni-Ga alloys undergo a martensitic transformation to a tetragonal structure (L1 0 ) from the high-temperature cubic B2-structured austenite [12, 14, [21] [22] [23] [24] [25] [26] . Co-Ni-Ga HT-SMAs have been characterized intensely in recent years. Structural and phase transformation characteristics as well as the general superelastic behavior up to temperatures of about 400°C [12, 14, [21] [22] [23] [24] [25] [26] [27] [28] [29] have been thoroughly examined.
The main focus of these studies was on transformation strains, transformation stresses, and thermal hysteresis within single cycle tests or within incremental strain tests [29] , as a function of temperature under tensile or compressive loading. However, in many of the envisaged applications, the Co-NiGa HT-SMAs will undergo both tensile and compressive deformation in a cyclic fashion for a high number of cycles. Thus, it is mandatory to characterize the cyclic superelastic behavior with respect to the stress state and identify the microstructural mechanisms responsible for cyclic degradation.
The objective of the present study was to shed light on the cyclic superelastic behavior of [001]-oriented Co 49 Ni 21 Ga 30 crystals in tension and compression. The [001]-orientation was selected to minimize dislocation slip in the B2-ordered alloy due to an extremely low Schmid factor [30] . Cyclic superelastic testing up to the maximum transformation strains, i.e., 4.6 % in compression and 7.5 % in tension, was conducted up to 1000 cycles in the temperature range from 100 to 400°C. Analyses of microstructural evolution allowed for solid conclusions regarding the mechanisms that contribute to functional degradation in Co-Ni-Ga HT-SMAs.
Materials and Experimental Techniques
Ingots of Co-Ni-Ga with a nominal composition of 49Co-21Ni-30Ga (in at.%) were produced using vacuum induction melting. The present composition was chosen as the A f temperature of the Co 49 Ni 21 Ga 30 alloy is slightly below room temperature [21] , leading to a PE response in the whole range of test temperatures employed. Large single crystals were grown using the Bridgman technique in a He environment. For compression tests, specimens with dimensions of 4 9 4 9 8 mm were electro-discharge machined from the bulk single crystals such that their longer loading axes were oriented along the [001] direction in austenite. For tensile testing dog-bone-shaped samples with a gage length of 6 mm and a cross section of 1.5 9 1.5 mm were machined from the bulk material along the [001] austenite orientation. Samples were tested in the as-grown condition for ease of comparison with data available in literature, e.g., [21, 22, 29] .
In order to characterize the initial response of the alloy, quasi-static uniaxial single cycle tests in compression and tension at constant temperature levels ranging from 50 to 400°C were performed using an MTS servo-hydraulic test frame in displacement control mode with a fixed maximum strain upon loading and a given minimum stress for unloading. Given the significant difference in stress-strain response under tension and compression, the crosshead displacement rates were adjusted to yield identical cycle times for each stress state. This resulted in nominal strain rates of 5 9 10 -4 and 3 9 10 -4 s -1 in tension and compression, respectively. Strains were measured using a hightemperature extensometer with a gage length of 12 mm attached to the grips in case of compression testing. For calculation of the nominal strain in these tests the grips were treated as absolutely rigid. In case of the tensile experiments the transformation strains were much higher than those theoretically predicted by Dadda et al. and Monroe et al., i.e., 4.3 and 8.5 % in compression and tension, respectively [26, 29] . Strains in the tensile tests were also calculated from displacement data, and a reference test at RT employing a miniature extensometer featuring a gage length of 3 mm was employed for calibration purpose. Heating of all samples was performed by convective heating. Temperatures were measured with a thermocouple attached to the sample surface by a steel spring.
Superelastic cycling experiments under tension and compression were performed at temperatures ranging from 100 to 300°C for up to 1000 cycles in order to investigate the functional stability. The maximum strain levels for the fatigue tests were set to 4.6 % in compression and 7.5 % in tension, respectively, corresponding to the theoretical maximum values according to literature.
Neutron diffraction experiments were conducted for asgrown and fatigued tensile samples using the single crystal diffractometer SXD [31] at the ISIS neutron source, Rutherford Appleton Laboratory, Oxfordshire. Neutron diffraction is favorable when sample volumes with dimensions of mm 3 to cm 3 have to be probed because the attenuation length of neutrons is typically in the order of cm to m and therefore, relatively large as compared to the attenuation length of X-rays or electrons. SXD uses the time-of-flight (TOF) Laue technique employing a white beam with incident wavelengths covering a range of 0.2-10 Å . Eleven ZnS-type scintillator detectors are arranged around the sample position covering a large volume in reciprocal space. This allows scanning large 3D volumes and collecting complete diffraction patterns within a relatively short time with only three to five sample orientations. Data were indexed and integrated using the software package SXD2001. Peak widths for (110) and (350) were extracted using only reflections from the backscattering detectors which yield the best resolution in Dd/d, where d is the lattice spacing.
Microstructural analyses were conducted using a FEI Tecnai F20 operating at 200 kV equipped with a Gatan double-tilt high-temperature stage in order to correlate microstructural features with the observed thermomechanical behavior. The TEM samples were first mechanically ground and polished down to a thickness of 0.15 mm. Finally, electron transparent areas were obtained using twin-jet polishing with a solution of 600 ml methanol, 340 ml butanol, and 60 ml perchloric acid under an applied potential of 70 V at a temperature of -25°C.
Results
Cyclic Stress-Strain Response Figures 1 and 2 show the results from the superelastic cycling experiments revealing the transformation behavior of the as-grown Co 49 Ni 21 Ga 30 shape memory alloy in the temperature range between 100 and 300°C under compressive and tensile loading. From the stress-strain curves shown in Fig. 1 , it is apparent that [001]-oriented Co-NiGa single crystals show perfect cyclic stability at 100°C during 1000 superelastic compression cycles with a maximum strain of 4.6 %, i.e., close to the maximum theoretical value of exploitable reversible strain for Co-Ni-Ga under compressive load at RT [29] . When interpreting the data of the current study, one needs to take into account that the maximum absolute strain value was always used as the strain limit for testing. Thus, superelastic strain, i.e., the portion of strain linked to the stress plateau stemming from phase transformation, changed due to the increase in the critical stress for stress-induced martensite transformation (r crit for SIMT) and concomitantly the portion of elastic strain of austenite with increasing test temperature, cf. Fig. 1 . At 100°C, the Co-Ni-Ga specimen is characterized by a r crit of about 190 MPa throughout the whole test. An increase in test temperature to 200°C results in an increase of r crit to a value of about 400 MPa in the 1st cycle. In the following cycles at 200°C a decrease of r crit is seen, indicating cyclic instability. In the 1000th cycle r crit decreased to about 250 MPa. Furthermore, about 0.3 % of Figure 2a shows a similar behavior under tensile loads, despite the fact that for a given temperature transformation stresses are significantly lower than in compression testing. Figure 2 demonstrates that the material shows perfect cyclic stability during superelastic cycling at 100°C. Maximum total strains of 7.5 % were employed in this test as this value is close to the theoretical maximum of transformation strain under tension in the Co-Ni-Ga system [26] . Although the maximum strain value employed in the tensile tests was significantly larger than the one used under compression, the stress-strain response remained stable during 1000 cycles. An increase in test temperature from 100 to 200°C led to an increase in the initial r crit for SIMT from about 150 MPa to about 200 MPa. With increasing number of superelastic cycles a substantial decrease in r crit occurred at 200°C (cf. Fig. 2 ). This observation is in good agreement with the results obtained under compression ( Fig. 1 ) and further emphasizes the strong impact of test temperature on the cyclic deformation behavior of Co-Ni-Ga HT-SMAs. An increase of the test temperature to 300°C resulted in a rapid accumulation of residual strain and a pronounced change in the stress-strain response. Similar to the compression case, an almost full degradation of the Co-Ni-Ga sample is seen after 1000 cycles at 300°C (Fig. 2) .
As temperature affects the cyclic stress-strain response under both, compressive and tensile loads in [001]-oriented Co-Ni-Ga HT-SMA specimens similarly, it seems reasonable to assume that the microstructural mechanisms leading to functional degradation are similar in both cases. Both the steady decrease of r crit for SIMT as well as the evolution of permanent strain following PE cycling are qualitatively similar for tension and compression tests at temperatures above 200°C.
In order to evaluate the current findings in more depth, the evolution of distinct values closely related to the SIM are elaborated in more detail-Figs. 3, 4, and 5. As detailed before, maximum strains for tensile and compressive tests were different in order to meet the targeted maximum theoretical values. This ensured that the largest fraction of the Co-Ni-Ga sample transformed in each case. For better comparability normalized permanent strains (nps) at test temperatures of 100, 200, and 300°C are plotted in Fig. 3 for tension and compression during 1000 superelastic cycles. Up to 200°C (stage 1) the evolution of accumulated permanent strain is found to be similarly small in tension and compression, and the nps remains below 0.08. An increase in test temperature to values above 200°C (stage 2) leads to a generally accelerated permanent strain accumulation for both stress states, i.e., tension and compression. From Fig. 3 , normalized permanent strain accumulation is more pronounced in compression. However, it should be noted that transformation strains are significantly different for both tension and compression as well. Thus, an nps of 0.3 in tension indicates a fully degraded condition, which also fits the neutron diffraction data (cf. ''Neutron Diffraction and Electron Microscopy'' section) that revealed 94 % remnant martensite. By contrast, in compression nps reaches values above 0.5 before the sample is fully degraded. Figure 4 shows the Clausius-Clapeyron (CC) curves illustrating the asymmetric stress dependence of M s and A s for tensile and compressive loading. The CC slope for the transformation temperatures shown is higher for compressive loading. This results in higher stresses for forward and reverse transformations in compression than in tension at elevated temperatures, cf. Figs. 1 and 2. The slopes of the CC curves for the A s temperature in tension and compression were found to be clearly different within the two previously defined temperature regimes, i.e., significantly lower in stage 2 (T [ 225°C). The evolution of the width of the stress hysteresis obtained from single cycle tests is shown in Fig. 5 . Below 200°C, the evolution of the stress hysteresis width is very similar under tension and compression. Above 225°C the hysteresis width under compression increases more rapidly than under tension (Fig. 5) . As can be deduced from Fig. 4 , this tremendous change mainly stems from the non-linear evolution of A s .
Neutron Diffraction and Electron Microscopy
Neutron diffraction was performed on a Co 49 Ni 21 Ga 30 single crystal tensile test sample in its initial as-grown state and on a reference tensile test sample that had been subjected to 1000 fatigue cycles at 300°C. In the as-grown state the presence of a purely austenitic cubic structure was confirmed, with a lattice parameter a 0 = 2.867(2) Å . Weak superstructure reflections indicate B2-type ordering (space group Pm 3m). After fatigue the sample was composed of two component crystals of different phase state. Component one was indexed as body-centered tetragonal (bct) martensite with space group I4/mmm and lattice parameters a bct = 2.732(1) Å and c bct = 3.179(2) Å . Component two was indexed as an axially strained austenite with lattice spacings of d 100/010 = 2.860(2) Å and d 001 = 2.921(2) Å . The comparison of diffraction intensities of the two detected phases allows a quantitative determination of the volume ratios: 94 ± 2 % martensite and 6 ± 2 % axially strained austenite. The martensitic bct structure can also be referred to as face-centered tetragonal (fct) L1 0 -type structure using the lattice relations a bct *H2 = a L10 and c bct = c L10 resulting in a L10 = 3.863(3) Å and c L10 = 3.179(2) Å for the fct unit cell. The elongated axes of component one (martensite) and component two (axially strained austenite) are oriented parallel to the sample load axis and represent the sample state in the load-free condition after fatigue. Peak widths were extracted from the data using peaks only on detectors in backscattering direction where the Dd/d resolution is optimal. For determination of peak widths, several reflections of symmetrically equivalent lattice planes on equivalent spots of the area detectors were taken and the average peak width was calculated in TOF as well as horizontal and vertical (x-and z-) detector direction (Figs. 6, 7) . The TOF value of certain reflections represents the d-spacing of corresponding lattice planes; peak widths in x-and z-detector directions are related to orientational variations of the diffracting crystal and thus they reflect mosaicity of the single crystal and component single crystal, respectively. Correspondingly, the x-and zbroadening of the reflections was converted to mosaicity in units of degrees. Z-coordinates are oriented parallel and xcoordinates are oriented perpendicular to the loading axis of the fatigue experiments (a detailed description of the SXD coordinate system can be found in [31] ). A representation of 110 and 350 reflections is shown in Fig. 6 . Reflections from the {110} and {350} lattice planes of (i) austenite in its initial state from the as-grown sample and (ii) axially strained austenite as well as martensite from the fatigued sample showed a number of peaks on the backscattering detectors allowing direct comparison.
In order to further correlate the current findings to microstructure evolution, TEM investigations were carried out. Based on the results from the fatigue experiments (cf. Fig. 3 ), qualitatively similar mechanisms are assumed to govern cyclic degradation for both, tensile and compressive loads. As dislocation activity and dislocation-phase boundary interactions were main aspects of the TEM investigation, tensile samples with a low absolute value of r crit for SIMT were chosen to minimize dislocation slip. Figure 8 shows TEM micrographs of a tension sample after 1000 superelastic cycles at 300°C. The reflection spots recorded from the area marked by the white circle in Fig. 8b reveal a fully stabilized martensitic microstructure (Fig. 8c) . The black arrows in Fig. 8a show the presence of a few dislocations, mainly in the vicinity of small additional martensite variants, which appear bright due to the imaging conditions selected. Intense dislocation activity at interfaces under tensile loading has been further substantiated by additional TEM analyses including weak-beam imaging (not shown for the sake of brevity). From the differences in stress hysteresis between compression and tension, one could expect a higher dislocation density for the compression case. This could explain the very rapid increase in the nps value in the compression for the 300°C case. However, for the evolution of degradation the local dislocation density at the interfaces is important. In fact, Fig. 8a demonstrates that despite a low average dislocation density in the matrix, this can be sufficient to stabilize the martensite by concentration of the dislocations at interfaces. Clearly, quantitative analysis of local dislocation density evolution upon cyclic deformation in tension and compression is challenging and needs to be addressed in future work. When this sample was heated to 500°C in situ in the TEM it remained in its stabilized martensitic condition. This stabilization phenomenon provides a good explanation for the observed cyclic degradation of the 300°C sample and underlines the findings of the neutron experiments. After 1000 cycles at 300°C, which implies a total time of 8.5 h at 300°C, no precipitates were detected in the stabilized martensitic matrix. 
Discussion
The experimental observations indicate that the cyclic stress-strain response under compressive and tensile loads in Co-Ni-Ga HT-SMAs is affected by similar mechanisms that trigger functional degradation. Both decreasing stress values for the onset of the martensite transformation and a lower degree of reversibility of the phase transformation were found during superelastic cycling above 200°C. Figure 3 illustrates that the stress state, i.e., tensile and compressive stress, respectively, has only a small effect on the evolution of normalized permanent strain up to 200°C. This is attributed to the high matrix hardness, which provides for an adequate resistance against dislocation plasticity [32] . Upon an increase in the test temperature a more pronounced defect generation sets in, as indicated by the evolution of the permanent strain for both stress states, Fig. 3 . Especially the accumulation of permanent strain in compression increases noticeably up to 0.43 nps at 300°C, whereas it reached only 0.07 nps at 200°C. At least three mechanisms are capable of stabilizing the martensitic phase: (i) the pinning of phase boundaries by boundarydislocation interaction, (ii) diffusion-controlled precipitation, and (iii) diffusion-controlled ordering in the solid solution, associated with a change in symmetry conforming short-range ordering (SC-SRO) as proposed by Ren and Otsuka [7] [8] [9] [10] [11] 32] .
The CC slopes shown in Fig. 4 demonstrate a significantly different temperature-stress relationship for the two stress states, resulting in significantly higher transformation stresses in compression than in tension. The results from the tensile tests in this study are in good agreement with those from Monroe et al. [26] . The authors reported a CC slope of about 0.7 MPa/°C in the temperature range of 50-200°C with respect to the evolution of the peak stress in stage 1. In the current work 0.51 MPa/°C for M s under tension is found. The slight differences might be explained by the use of different single crystals with slightly different chemical composition. In stage 2 the slope for M s decreased to about 0.3 MPa/°C. A more significant difference could be observed in compression experiments regarding the CC slope from Dadda et al. [21, 22] with 1.9 MPa/°C compared to 1.56 MPa/°C for M s observed in this study. This again may be explained by the use of different single crystals. However, clear evidence cannot be provided at this point, as only nominal compositions are given in the aforementioned studies as well [21, 22] . In stage 2 the slope of M s decreases to about 1.24 MPa/°C. However, general trends remain unaffected, i.e., the CC slope for CoNi-Ga tested in tension is significantly lower than for compression. In general, higher CC slopes should lead to a more intense dislocation activity as the temperature, at which the yield strength of the matrix is exceeded, becomes lower. Thus, for similar matrix hardness in compression and tension, compressive loads are supposed to result in a more intense dislocation activity at elevated temperatures. Considering the stress state it is obvious that the difference in normalized permanent strain in Fig. 3 between tension and compression at 300°C can partly be related to the significantly higher stresses in compression (up to 500 MPa) as compared to tension (up to 200 MPa), Fig. 4 . In recent studies the accumulation of permanent strain in SMAs was explained by the formation of retained martensite, mechanically stabilized by the stress fields of the dislocations formed during phase transformation [7, 32, 33] . These stress fields can stabilize evolving martensite variants as they form next to the phase boundaries, especially in case of repeated phase transformations during cyclic loading [7, 32, 33] . Consequently, the aforementioned conventional irreversible mechanisms would lead to a more intense cyclic degradation under compression.
Results from single cycle tests were analyzed in more depth for a detailed evaluation of the mechanisms that lead to the functional degradation, i.e., the accumulation of permanent strain in stage 2 above 200°C. The CC Slopes for M s and A s temperatures are shown in Fig. 4 and the stress hysteresis widths are shown in Fig. 5 . Figure 5 clearly indicates that in stage 2 the stress hysteresis under compression increases drastically while the stress hysteresis under tension only changes slightly. This indicates that above a critical temperature, energy dissipation due to frictional processes at the austenite-martensite interface and martensite variant boundaries plays a significant role [21, 22, 29, 34] . In addition to dislocation-controlled stabilization of the martensite phase other mechanisms may contribute to stabilization of the low-temperature phase [8] [9] [10] [11] . Specifically, diffusion-controlled mechanisms such as precipitation of secondary phases or changes in SC-SRO need to be taken into account when discussing functional degradation in Co-Ni-Ga alloys. Both mechanisms and their impact on the phase transformation behavior of SMAs have been studied extensively in the past [7-11, 21, 22, 29, 32, 34] .
The CC slopes determined for A s and M s under tension and compression (Fig. 4) do help to understand which phase is stabilized by either a dislocation-controlled mechanism or changes in SC-SRO. The change in slope for A s under tension and compression indicate a critical temperature of about 200-225°C, above which the martensite phase is stabilized (Figs. 4, 5, stage 2 ). This is due to an increase in the required energy for reverse transformation. By contrast, the CC slope for M s remains relatively constant with only a small decrease in stage 2. As a result, the stabilization of the martensitic phase leads to the pronounced increase of the width of the stress hysteresis above 200°C (Fig. 5) .
The changes in phase transformation behavior of CoNi-Ga single crystals during single cycle elevated temperature testing were already investigated by Dadda et al. [21, 22, 29, 34] . Using in situ techniques it was shown that above a critical temperature under compressive loads the phase transformation proceeds in a multi-variant martensite manner [22] , while below 200°C, the austenite-martensite transformation occurs with only one martensite variant being active. This also explains the small stress hysteresis and negligible accumulation of residual strain during cycling observed in the present study at lower temperatures (stage 1). For the high-temperature regime, i.e., stage 2, the interaction of multiple martensite variants is supposed to result in higher energy dissipation at the martensite variant boundaries [22] . This increase in internal frictional energy is macroscopically manifested in a larger stress hysteresis under compression as compared to tension (Fig. 5) . At the same time tensile loads favor single martensite variants [23] , which is in good agreement with the current results for the evolution of permanent strain as well as for stress hysteresis (Figs. 4, 5) . Thus, the total number of martensite variants in Co-Ni-Ga HT-SMAs activated for a given stress state seems to govern both, the stress hysteresis width and the evolution of permanent strain (Fig. 3) . However, this does not explain the qualitatively similar increase of normalized permanent strain with increasing number of cycles under both stress states (Fig. 3) . Whereas both, the accelerated increase of the permanent strain in the very first cycles at 300°C and the significant increase in stress hysteresis under compression in stage 2 result mainly from martensite variant interactions, diffusion-controlled mechanisms may play a key role for the subsequent increase of permanent strain with increasing number of cycles. The evolution of normalized permanent strain accumulated per cycle above 100 cycles (Fig. 3) is similar for both stress states. Given the significantly higher stresses at 300°C under compression and the higher dislocation activity at the martensite variant boundaries, diffusional processes appear to significantly affect the long-term cyclic behavior. It should be noted that the data shown in Figs. 4 and 5 were obtained from single cycle tests. As this implies a test time of about 30 s only, diffusional processes should be negligible and should therefore not contribute to stabilization of the martensite phase [14] .
Chumlyakov et al. showed that small L1 2 c 0 -precipitates form in Co-Ni-Ga at temperatures around 350°C [35] . Niendorf et al. found that these precipitates even can nucleate at 300°C during long-term aging in the austenite phase [36] . The aging time employed in [36] is equal to the test time in the fatigue tests in the current study. Thus, precipitation processes need to be taken into account for a better evaluation of the parameters affecting the superelastic cyclic deformation behavior. Various studies [24, 35, 36] revealed that a stabilization of the parent phase via the formation of small c'-precipitates leads to a significant change in the stress-strain behavior, which can be mainly related to the change in chemical composition of the matrix and to the stress fields surrounding the precipitates [24, 35, 36] . TEM analyses conducted in these studies [36] revealed that aging in the martensite phase does not lead to the formation of small particles, which would affect phase transformation. It was concluded that changes in SC-SRO in Co-Ni-Ga alloys lead to a significant increase in transformation temperatures and eventually to a stabilization of the martensite [36] . In the current study, the stress hysteresis widths shown in Fig. 5 remain relatively constant between 25 and 50 MPa for both stress states and only slightly increase up to 200°C. This is unusual since the critical stress for SIMT shows a relatively large temperature dependence, especially under compression (Fig. 4) . Yet, the results are in good agreement with the evolution of permanent strain in this temperature range, as there is only a small accumulation of permanent strain below 200°C. This further supports the conclusion that the matrix is hard enough to resist dislocation glide: both, the results of the cyclic stress-strain response (Figs. 1, 2) as well as the results of stress hysteresis obtained from single cycle experiments (Fig. 5) correlate well. For the cases shown in Figs. 1 to 3 , diffusion is not negligible as the total dwell time in the cycling experiments was about 8.5 h. Thus, the formation of small c 0 -particles and a change in SC-SRO may have significantly contributed to the change in the superelastic properties of Co-Ni-Ga alloys within stage 2.
The neutron diffraction experiments shed further light on the mechanism leading to functional degradation of Co-NiGa HT-SMA. Figure 6 compares three-dimensional peak profiles of the as-grown austenite phase and of the axially strained austenite phase found in the sample fatigued at 300°C for 1000 cycles. In addition, peak profiles of the martensite phase upon fatigue are shown. These profiles allow to evaluate defect densities in the bulk material. In Fig. 7 the TOF, x-and z-detector peak widths are plotted against the d value of their corresponding reflection. A clear trend becomes evident: in z-direction (parallel to load axis) the peak width of fatigued austenite is significantly increased compared with the as-grown austenite, whereas in xdirection (perpendicular to load axis) no significant peak broadening is observed. Note, that peak profiles of the asgrown austenite show slight elongation in z-direction. This effect is due to the neutron beam being scattered at each point of the sample causing a mapping of the elongated sample shape onto the detector. In some cases the error is quite high due to the fact that only a few symmetrically equivalent peaks were detected on equivalent backscattering detector pixels, which results in relatively large error bars on some reflections. The effect of peak broadening in z-direction is a superposition of an increase in dislocation density associated with an increase in single crystal mosaicity. Lattice strain accumulation can be well resolved by TOF peak broadening, which is caused by small deviations of the d value (Dd) from the mean value of a lattice plane. From Fig. 7a it can be deduced that fatigue leads to an increase of those deviations. This effect can be attributed to residual stresses between different domains as well as between the martensite and the strained austenite component in the sample [37] . In x-direction peak broadening of fatigued austenite cannot be resolved. In z-direction, however, the peak broadening is significant. This indicates a strong contribution from dislocations and mosaicity, clearly governed by the tensile cycling, since the z-direction is oriented parallel to the loading direction and parallel to the tetragonal axis of the martensite variant stabilized by uniaxial load. Figure 6 illustrates peak profiles of the as-grown and fatigued state, where a pronounced peak broadening can easily be observed in z-direction of the (hh0)-type slip planes and (350) planes indicating a slip plane independent increase in mosaicity. The comparison of the as-grown condition and the fatigued condition after 1000 cycles at 300°C demonstrates that cyclic phase transformation is accompanied by intense formation of defects. Analysis of the diffraction intensities shows that the volume fractions of stabilized martensite and residual austenite are 94 ± 2 and 6 ± 2 %, respectively, after fatigue testing for 8.5 h at 300°C. The small amount of residual austenite is probably interfaced with the martensite and thus is subjected to stresses leading to tetragonal strain. The results shown from the neutron diffraction experiments further emphasize the dominant role of dislocations on functional degradation in Co-Ni-Ga HT-SMA.
The spatial resolution of TEM analysis adds microstructural clues to the fatigue process. Figure 8 shows the results of the TEM investigations of the sample fatigued for 1000 cycles at 300°C. The selected area electron diffraction (SAED) pattern (Fig. 8c) clearly indicates that the sample is predominantly martensitic. In perfect agreement with the findings of neutron diffraction most of the sample is containing stabilized martensite. Due to the small area probed by TEM, the small volume fraction of residual austenite observed in the neutron diffraction analysis was not resolved in the SAED patterns. However, based on the TEM results, the proposed degradation mechanism, i.e., the dislocation-controlled pinning of martensite, can be validated. Martensite stabilization imposed by the SC-SRO mechanisms has been investigated in related work [36] . It was shown for Co-Ni-Ga that aging in martensite at elevated temperatures leads to stabilization of the product phase [36] . Similar processes could also be active in Co-Ni-Ga during cyclic loading. As a change in SC-SRO is fully reversible [36] , martensite stabilization was fully reversible as well. Increase of temperature to a value above A s of the Co-Ni-Ga alloy aged in martensite, i.e., to 400°C, led to a re-ordering and, following a given dwell time, the loss of martensite stabilization [36] . In the current work, in situ heating in the TEM up to a temperature above 500°C (not shown) did not result in a reverse transformation to austenite. Thus, martensite stabilization due to dislocation pinning seems to dominate cyclic degradation after long-term superelastic cycling. Furthermore, the pronounced dislocation activity is in line with the evolution of permanent strain (Fig. 3 ) and stress hysteresis (Fig. 5) . Increased dislocation motion is accompanied by an evolution of residual macroscopic strain and an increased energy dissipation [7, 33] . Obviously, evolution of residual strain can result from a diffusioncontrolled mechanism as well. Figure 8b , c, however, reveal that no precipitates were formed, at least in the fully martensitic area probed, during superelastic cycling for 8.5 h. Niendorf et al. showed that finely dispersed particles formed after aging at 300°C for 8.5 h in the austenitic phase [36] . Clearly, the impact of dwell time and mechanical deformation on microstructural evolution needs to be addressed in more detail in future work. However, by comparing the results of the present study and related work [36] , it is evident, that static aging in the martensitic phase is different from aging in cyclically induced martensite. Picornell et al. [14] reported for Co-Ni-Ga that both phases, austenite and martensite, can be stabilized during heating, but it is not clear yet, if this ''dual phase'' stabilization is present during cyclic loading. Similarly, Niendorf et al. showed that different phase fractions can be stabilized simultaneously when applying aging in martensite at different degrees of macroscopic strain, i.e., different fractions of martensite and austenite [36] . The total dwell time (8.5 h) at elevated temperature was the same as in the current and in previous work [36] . It should be noted, however, that the effective dwell time for a given phase is less in the cyclic experiments. Still, the stress-strain response could be significantly affected by the formation of either precipitates or martensite stabilized through the SC-SRO mechanism. However, from the neutron diffraction experiments and the TEM results it appears that the dislocation-controlled stabilization of the martensite phase is the dominating mechanism. No direct evidence for the presence of precipitates or martensite stabilized through SC-SRO was found in the current study. Still, the slight increase in accumulated permanent strain at higher number of cycles (Fig. 3) , which is similarly present for both stress states, cannot be solely explained by dislocation plasticity as absolute values of stresses are fundamentally different (Figs. 1, 2, 4) . For trained Co-Ni-Ga single crystals Dadda et al. [22] revealed the presence of ''ghost-like'' martensite, Fig. 9 Schematic illustrating the dislocation controlled stabilization of martensite for both stress states. a, f Initial loading, b, g maximum load, c, h unloaded, d, i subsequent re-loading and e, j final unload at 300°C indicating the high volume fraction of stabilized martensite a clear indication for SC-SRO. Thus, it is probable that under the current loading conditions martensite is stabilized similarly cycle by cycle and subsequently pinned by dislocations. Obviously, the total dwell time for the first martensite band formed at 300°C is higher than that for the martensite formed later during cycling. Repeated phase transformation events may introduce dislocations in the vicinity of already stabilized martensite, leading to mechanical pinning of primarily aging-stabilized martensite. This could be an explanation for the thermal stability of the stabilized martensite even upon heating above 500°C. Figure 9 illustrates the dislocation-controlled degradation mechanism inferred from the results obtained. Figure 9a , f shows the difference in martensite variant activity in the first cycle at a test temperature of 300°C for both stress states. Due to the low matrix strength at 300°C dislocations can form in each case. As a result of the multivariant martensite transformation [22] , more dislocations will be present in the compression case. Upon further loading (Fig. 9b, g ) dislocation density increases during both, tension and compression loading. Thereby, a higher amount of permanent strain accumulates under compression due to intensive variant-variant interaction. Upon unloading a specific volume fraction of martensite is pinned within the austenite matrix (Fig. 9c, h ) resulting in a decrease of the fraction of transformable matrix in the subsequent cycle (Fig. 9d, i) . Following 1000 cycles into fatigue the major volume of the samples remains in martensitic condition mainly due to dislocation pinning (Fig. 9e, j) .
Conclusions
The present study focused on martensitic transformation asymmetry during tensile and compressive loading of [001]-oriented Co 49 Ni 21 Ga 30 shape memory single crystals using superelastic cycling experiments, neutron diffraction analysis and microstructural characterization. The major findings can be summarized as follows:
1. A distinct tension-compression asymmetry in the superelastic stress-strain response was observed. The materials possess perfect cyclic stability up to 200°C in tests that were run up to 1000 superelastic cycles. However, pronounced cyclic degradation sets in above 200°C. The main underlying mechanism was identified as stabilization of martensite due to intense dislocation plasticity. In compression, martensite variant-variant interactions result in higher dislocation activity, and thus, more rapid functional degradation. 2. Below 100°C, the stress hysteresis width was found to be similar for tension and compression. Above 100°C, stress-strain hysteresis under compressive loads increases more strongly with temperature than during tensile loading. This is attributed to the formation of multiple martensite variants under compression, leading to more pronounced defect generation and resulting in more internal friction at the phase boundaries. 3. Neutron diffraction analysis and TEM investigations revealed the presence of a high volume fraction of stabilized martensite. After 1000 superelastic cycles at 300°C the pronounced dislocation plasticity seems to be the dominant degradation mechanism, which is promoted by the decreased strength of the matrix at this high temperature. Under the given loading conditions, diffusion-controlled degradation seems to be of minor importance.
